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SUMMARY 

An investigation of the over-all performance of a modified eight- 
stage axial -flow compressor was conducted as part of the investigation 
of the problems encountered in a high-pressure-ratio axial-flow compres- 
sor with transonic inlet stages. 

The investigation was made over a range of wei^t flows at equiva- 
lent speeds from 30 to 110 percent of design speed. The maximum total- 
pressure ratio obtained at design speed was 11.0 at an equivalent weight 
flow of 70.9 pounds per second with an adiabatic efficiency of 0.81. A 
maximum equivalent weight flow of approximately 72.5 pounds per second 
(30.6 lb/(sec) (sq ft of frontal area)) was obtained at design speed. A 
peak efficiency of 0.67 was obtained at 30 percent of design speed, and 
as the compressor speed increased, a maximum peak efficiency of approxi- 
mately 0.85 was obtained at 90 percent design speed. The predicted val- 
ues of over-all total-pressure ratio and weight flow agree very well with 
the experimental values obtained at 90 and 100 percent of design speed, 
while the measured efficiencies at these speeds axe 3 to 4 percentage 
points lower than the predicted values. 


INTRODUCTION 

As part of the general program initiated to study the design and 
off -design performance problems of a high-mass-flow, high-pressure-ratio 
multistage compressor with both transonic and subsonic stages, a 20-inch- 
tip diameter, eight-stage axial -flow compressor having two transonic in- 
let stages was designed, fabricated', and tested at the NACA Lewis labo- 
ratory (refs. 1 to 3) . This compressor did not reach the design values 
^ at design speed (ref. 2), and a blade failure ended the original series 

of tests. In rebuilding this compressor, several modifications were in- 
corporated in an attempt to improve both the aerodynamic and mechanical 
• characteristics of the compressor. Details of these modifications axe 

presented in reference 4. 
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The initial phase of the investigation of the modified compressor 
consisted in obtaining the over-all performance characteristics over a 
range of equivalent si>eeds from 30 to 110 percent of design speed. The 
present rei>ort discusses the preliminary analysis of the over-all per- 
formance on the basis of total-pressure ratio, adiabatic temperature -rise 
efficiency, and average compressor-discharge Mach nimber plotted against 
inlet equivalent weight flow. Stage static -pres sure ratios at the tip 
are presented in order to obtain an indication of the performance of the 
individual stages over the speed and wei^t-flow ranges investigated. A 
comparison is also made with the predicted performance values presented 
in reference 4. 


SYMBOLS 

The following symbols are used in this report: 

A area, sq ft 

P absolute total pressure, Ib/sq ft 

p absolute static pressure, Ib/sq ft 

Re Reynolds nimiber relative to first rotor 
T total temperature, 

W weight flow, Ib/sec 

5 ratio of inlet total pressure to NACA standard sea- level pressure 
T) adiabatic temi)erature-rise efficiency 

0 ratio of inlet total temperature to MCA standard sea-level 
temperature 

Subscripts : 

0 inlet depression- tank station 

20 discharge measuring station 

APPARATUS 

Compressor . - A photograph of the modified compressor rotor is shown 
in figure 1, and a cross-sectional view of the compressor, the inlet bell- 
mouth nozzle, and the discharge collector is shown in figure 2. The aero- 
dynamic design details of the compressor are presented in references 1 
and 4. The major design values are: 
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Total -pressiire ratio 10.26 

Root-mean total-pressure ratio per stage 1.338 

Equivalent weight flow, Ih/sec '. . . . 72.4 

Equivalent weight flow, lb/(sec)(sq ft frontal area) 30.5 

Equivalent tip speed, ft/sec 1218 

Inlet hub- tip ratio 0.46 

Diameter at inlet to first rotor, in 20.86 


Installation . - The compressor was driven by a 9000-horsepower 
variable -frequency electric motor. The speed was maintained constant by 
an electronic control and was measured by an electric chronometric 
tachometer. 

Air entered the compressor through a calibrated, adjustable sub- 
merged orifice, a butterfly inlet throttle, and a depression tank 6 feet 
in diameter and approximately 10 feet long. Screens in the depression 
tank and a bellmouth nozzle faired into the compressor inlet were used 
to obtain a uniform distribution of air entering the compressor. Air 
was discharged from the compressor into a collector that was connected 
to the laboratory altitude exhaust system. Air wei^t flow at a constant 
speed was controlled by a butterfly valve located in the exhaust ducting. 

Instrumentation . - The axial locations of the instrument-measurfng 
stations are shown in figure 2. The Inlet-depression-tank station and 
the compressor discharge had axial locations that were in accordance with 
reference 5. Radial distributions of outlet total temperature and total 
pressure were obtained from multiple -probe rakes located at area centers 
of equal-annular axea. The instrument used at each station and the method 
of measurement were as follows: 

Depression-tank pressure: 

Five wall static-pressure taps spaced around the tank circumference 

Depression-tank temperature: 

Four multiple-tip total-temperature probes 

Compressor- inlet static pressure : 

Four wall static-pressure taps located around the casing circum- 
ference, and two located in the hub approximately 0.5 inch up- 
stream of the first rotor 

Compressor-blade -row static pressure: 

Four wall static-pressure taps located around the casing circum- 
ference after each blade row 

Compress or -discharge pressiore: 

Four wall static -pressure taps at the tip and two at the hub; thiee 
10-tube circumferential total-pressure rakes (fig. 3(a)) located at 
area centers of equal -annuleir area. The circumferential length of 
a rake was greater than the circumferential distance between exit 
guide vanes. 


4 


NACA RM E55A03 


Compressor-discharge temperature: 

Four spike-type thermocouple rakes (fig. 3(h)) with three measur- 
ing stations located at area centers of equal annular area. The 
rakes were located circumferentially around the flow passage so 
as to he out of exit -guide -vane wakes. These thermocouples were 
connected differentially with the depression-tank thermocouples. 

Pressure measurement: 

Nfercury manometers 

Temperature measurement: 

Self -balancing potentiometers 

Two blades on each row of rotor and stator blades of the compressor 
were instrumented with strain gages so that the vibratory stress could 
be measured. A visual picture of the stress level was obtained by the 
use of an oscilloscope, which was monitored by the operator. 

The constant-temperature hot -wire -anemometer system discussed in ref- 
erence 6 was used to detect rotating stall. Probes were installed after 
the first and third rotors and the signals were viewed two at a time on a 
dual -beam cathode-ray oscilloscope. The accuracy of measurement is esti- 
mated to be within the following limits: temperature, ± 1-0^ F; pressure, 

i0.05 inch mercury; weight flow, il.5 percent; speed, ^0.3 percent. 


PROCEDUEE 

The compressor was opei*ated at equivalent speeds corresponding to 
30, 50, 60, 70, 80, 90, 100, and 110 percent of design speed. At each 
speed, the air flows investigated ranged from a maximiam flow to a flow 
at which surge occurred. The inlet pressure was varied to maintain ap- 
proximately a constant Reynolds number (based on the blade chord at the 
tip of the first rotor and the air velocities relative to the tip of the 
first rotor) of 1,200,000 at all speeds except 30 and 50 percent of design 
speed. Atmospheric inlet air was used for 30 and 50 percent of design 
speed and refrigerated inlet air was used at all higher speeds to reduce 
the outlet temperature and the mechanical speed of the compressor for a 
given equivalent speed. A continuous check was kept on the blade vibra- 
tion so that operation in regions of high vibratory stress could be kept 
to a minimum. A visual check of rotating stall was also maintained as 
the compressor was brought up to speed. It was found that as the rotating 
stall disappeared, a noticeable drop in the level of blade vibration was 
obtained. The knee of the surge line is not clearly defined because se- 
vere blade vibrations were encountered in this region and it was decided 
to complete tests of vibration-free operation first. Upon completion of 
the 110 percent speed run, the blades were checked and several blades in 
the fourth row of stators were found to be cracked. In general., the 
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cracks appeared at two different locations on the blade; one extended in 
an axial direction approximately l/4 inch above the end of the base fillet 
and seemed to emanate from deep tool marks. The other crack started at 
the juncture of the blade -base button and the overhanging section of the 
blade trailing edge. The tests were then stopped until a new set of 
blades could be fabricated. To reduce the vibratory stress in the new 
set of blades^ a larger root fillet was used and the base-button diameter 
was Increased so that there was no overhanging section of the blade 
trailing edge. As a result of the tests being stopped^ the data neces- 
sary to define the knee in the surge line were not obtained in the present 
i nve sti gati on . 


Calculations 

50 to 100 percent design speed . - For each flow point at the 30 to 
100 percent design speed, the discharge total pressure was obtained by 
two methods: The measured discharge total pressure was the arithmetic 

average of three 10-tube circumferential rake measurements taken at the 
area centers of equal annular areas. The calculated discharge total 
pressiare was obtained by the method presented in reference 5. With this 
method, a uniform discharge velocity in the axial direction was assumed 
and the measured values of discharge static pressure, total temperature, 
weight flow, and area normal to the compressor axis were used to deter- 
mine the discharge total pressure from the energy and continuity equa- 
tions. As the assumptions of this method do not credit the compressor 
for discharge velocity gradients or deviation from axial discharge, the 
calculated values of discharge total pressure would be expected to be 
somewhat lower than the measured values. Actually, the two values corre- 
late very well and because of the recommendations of reference 5, only 
the compressor total -pres sure ratio as determined by the calculated dis- 
charge total pressure is presented in this report. 

The calculated compressor total-pressure ratio was used to determine 
the isentropic power input. The compressor temperature rise, obtained 
by taking the arithmetic average of differential temperatures measured 
between the compressor discharge and the inlet depression tank, was used 
to determine the actual power input. 

110 percent design speed . - For the flow calculations at 110 percent 
of design speed, the compressor weight flow and pressiare ratio are based 
on visual readings of single manometers that are used mainly for check 
data and as such are not averaged readings. It was necessary to use these 
readings at this speed because of a failure in some of the measuring and 
recording equipment. It is realized that the values presented for this 
speed eire not exact, but since the check data for the previous speeds 
showed fair agreement with the averaged. data, it was felt tliat inclusion 
of the data in this report was useful as an indication of the performance 
achieved. 
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RESULTS AND DISCUSSION 
Modified Compressor Performance 

Pressure ratio and adiabatic efficiency . - The over-all performance 
characteristics of the modified compressor are presented in figure 4 as 
a plot of total-pressure ratio, with the contours of constant efficiency, 
as a function of the equivalent weight flow. At design speed, a maximum 
total-pressure ratio of 11.0 (root -mean total-pressure ratio per stage 
of 1.35) was obtained at an equivalent wei^t flow of 70.9 pounds per 
second (29.9 lb/(sec)(sq ft of frontal area)) with an efficiency of 0.81. 

A peak efficiency of 0.83 was obtained at total-pressure ratios ranging 
from 8.7 to 10.25 and a maximum wei^t flow of approximately 72.5 pounds 
per second (30.6 lb/(sec)(sq ft of frontal eirea)) was obtained. At an 
overspeed condition of 110 percent of design speed, a maximum over-all 
total-pressure ratio of 12.25 was obtained at an equivalent weight flow 
of 78.0 pounds per second (32.9 lb/(sec)(sq ft of frontal area)) with an 
efficiency of 0.80. As explained previously, these overspeed values are 
not based on averaged values and as such should be used only as an indica- 
tion of the performance. 

The slope of the compressor surge line increased slightly from 30 to 
70 percent of design speed. Between 70 and 80 percent of design speed, 
there is an abrupt change in the slope of the surge line and the slope 
becomes much greater; probably the front stage operation moves out of 
stall in this speed range. As explained in the section on PROCEDURE, 
detailed data on the knee in the surge line were not obtained because of 
the severe vibrations encountered in this region. 

The over-all adiabatic temx>erature-rise efficiency is plotted as a 
function of equivalent weight flow in figure 5. The peak efficiency at 
30 percent of design speed is approximately 0.67. The peak efficiency 
increases slowly with speed and reaches a maximum value of approximately 
0.85 at 90 percent design speed and then drops to 0.83 at design speed 
and approximately 0.80 at 110 percent of design speed. As shown in fig- 
ure 4, the constant efficiency contoirrs cover a wide range of pressure 
ratio for each equivalent speed. At design speed, the efficiency value 
is above 0.80 for the greater part of the total-pressure ratio curve. 

Compressor-discharge Mach number . - The average compressor-discharge 
Mach number is presented in figure 6 plotted as a function of equivalent 
weight flow for various equivalent speeds. The surge line runs throu^ 
the point of minimum Mach number at each speed. The value of discharge 
Mach number at surge for design speed was about 0.27. This is approxi- 
mately the same value of discharge Mach number as was obtained with the 
compressor of reference 2. Althou^ the compressor wei^t flow is 
greater than that of reference 2, the pressure ratio and temperature rise 
are also higher and as a result the discharge Mach number remains about 
the same . 
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Compressor stage characteristics . - A typical ciirve of static- 
press\ire ratio for a single-stage compressor is plotted in figure 7 as 
a function of equivalent wei^t flow. The direction of increasing angle 
of attack and positive stall is to the left of the peak-pressure -ratio 
point, and the direction of decreasing angle of attack and negative stall 
is to the ri^t. A plot of stage static-pressure ratio (based on outer- 
wall static pressures) against equivalent wei^t flow is presented in 
figure 8 for the first, fourth, and eighth stage. (The operating range 
of the various stages obtained at each si>eed can be considered as a seg- 
ment, uncorrected for speed, of the typical steige performance curve pre- 
sented in fig. 7.) 

The inlet stage operates on the positive stall side of the peak- 

pressure -ratio point at speeds up to 80 percent of design speed (fig. 

8(a)). At 90 percent of design speed, the inlet stage is operating in 
the range of the peak efficiency point and at design speed has moved 
over to the negative stall side of the stage performance curve. 

The fourth stage operates on the positive stall side of the peak- 
pressure -ratio point at speeds up to 70 percent of design speed (fig. 

8(b)). At 80 and 90 percent speed, the stage is operating near the 

maximum efficiency point, while at design speed the stage operation has 
moved past the point of maximum efficiency towards the negative stall 
side of the stage performance curve . 

The range of operation of the eighth stage (fig. 8(c)) is much 
greater than either the first or fourth stage for a given change in com- 
pressor weight flow. From 30 to 80 percent of design speed, the stage 
is operating on the negative stall side of the stage performance cxirve. 

At 90 percent of design speed, the curve bends over toward the maximum 
pressure ratio point, while at design speed the curve actually bends 
over to the positive stall side of the stage performance curve. 

These three stages appear to be very well matched at 90 percent of 
design speed; that is, they are operating neax their peak efficiency 
points simultaneously. As a result, the peak compressor efficiency of 
approximately 0.85 was obtained at this speed. 


COMPAKISON WITH PREDICTED PERFORMANCE 

Total-pressure ratio and adiabatic efficiency . - Figure 9 is a plot 
of the predicted over-all total-pressure ratio against equivalent weight 
flow of this compressor as determined by the methods described in ref- 
erences 7 and 8. To give a direct comparison between the predicted and 
experimental results, the measured total-pressure ratio values are also 
plotted on figure 9. At 90 and 100 percent of design speed, the correla- 
tion between the predicted and experimental values is very good. At 80 
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percent of design speed, the correlation is good except for the experi- 
mental pressure ratio at the surge point, which is approximately 0.4 
lower than the predicted value. Except for the 30 percent of design 
speed results, the correlation at speeds lower than 80 percent is not 
good. At compressor speeds up to 70 percent of design, rotating stall 
is present in the compressor and the assumptions of reference 8 used in 
determining the predicted stage performance parameters will not hold. 

The stage performance characteristics, therefore, will he different, 
resulting in pressure ratios and weight flow values that differ from the 
predicted values. 

The predicted variation of adiabatic temperature-rise efficiency 
with equivalent design speed and weight flow is presented in figure 10. 
The curve for peak experimental adiabatic efficiency is taken from fig- 
ure 5 and presented here for comparison. The experimental results are 
lower than the predicted values over the entire range of speeds tested. 
The variation ranges from about 2.5 percentage points at 90 percent of 
design speed to approximately 7 percentage points at 70 percent of design 
speed. Several reasons for this variation, some of which have been men- 
tioned previously, can be given. At the higher rotational speeds, the 
rotor-blade tips in the first stage were operating at higher relative 
inlet Mach numbers than the blades used in setting up the predicted stage 
performance. The root fillets were appreciably increased in the first 
three stages, which would tend to increase the blade losses, thus lower- 
ing the over-all efficiency. 


SUMMARY OF RESULTS 

The following results were obtained from an investigation of over- 
all performance of a modified eight-stage axial-flow compressor. 

1. The maximum total-pressure ratio obtained at design speed was 
11.0 at an equivalent weight flow of 70.9 pounds per second with an adia- 
batic efficiency of 0.81. 

2. A peak efficiency of 0.83 was obtained for design speed at values 
of total-pressure ratio varying from 8.7 to 10.25. 

3. A maximum equivalent weight flow of approximately 72.5 pounds per 
second (30.6 lb/(sec) (sq ft of frontal area)) was obtained at design 
speed. 

4. A maximum peak efficiency of 0.67 was obtained at 30 percent of 
design speed; a maximum peak efficiency of approximately 0.85 was ob- 
tained at 90 percent of design speed. 

5. The value of discharge Mach number at surge for design speed was 
about 0.27, 
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6. Static-pressure data indicate that the first, fourth, and eighth 
stages sire very well matched at 90 percent design speedy that is, they 
are operating near their peak efficiency points simultaneously. 

7 . The predicted values of over-all total-pressure ratio and weight 
flow correlate very well with the experimental values obtained at 90 and 
100 percent design speed. 

8. The predicted values of adiabatic temperature -rise efficiency are 
from 2.5 to 7 percentage points higher than the experimental values ob- 
tained over the speed range investigated. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, January 6, 1955 
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Figure 1. - Modified eight- stage axial-flow compressor. 
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Figure 2. - Cross-sectional view of eight- stage axial-flow compressor ^ 
inlet hellmouth nozzle^ and discharge collector. 
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Figure 3. - Compressor- discharge instrumentation. 
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Figure 4. - Over-all performance characteristics of modified eight-stage axial-flow 
compressor. 
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Figure 5. - Variation of adiabatic temperature- rise efficiency with speed and weight flow. 
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Figure 6. - Variation of average compressor discharge Mach number with speed and weight flow* 


NACA EM E55A03 


stage static -pressure ratio 


3J 


MCA EM E55A03 


17 


1 



Equivalent weight flow, M y/^/b 
Figure 7. - Typical stage performance curve. 
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Figure 8. - Variation of stage tip static-pressure ratio across first, fourth, and eighth 
stages with speed and weight flow. 
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Figure 9. - Comparison of predicted over-all total -pressure ratio and weight flow 
with measured values for modified eight-stage axial-flow compressor. 
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Figure 10. - Comparison of predicted adiabatic temperature-rise efficiency with measured values 
from modified eight- stage axial-flow compressor. 
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